Experimental investigations of the change with magnetic flux of quantum number in 

superconducting ring 
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The magnetic dependencies of the critical current of aluminum ring with asymmetric link-up of 
current leads have been measured in order to clear up the essence of the paradoxical absence of the 
jump of the critical current at the quantum number change revealed before at the measurements 
of asymmetric superconducting ring. The measurements have shown that the experimental and 
theoretical dependencies agree in the region of magnetic field corresponding to integer numbers of 
the flux quantum and disagree at the half of the flux quantum. The jump is not observed as well 
as in the asymmetric rings. 
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Introduction 

The discreteness of the spectrum of the permitted ve- 
locity v = p/m states because of the Bohr's quantiza- 
tion pr = nh goes down with the radius r and mass m 
increase, in agreement with the Bohr's correspondence 
principle. Therefore the quantum phenomena, such as 
the persistent current of electrons, can be observed in 
nano-rings with r > 300 nm only at low temperature 
[3; even at microscopic mass m = 9 10~ 31 kg. Super- 
conductivity is the exception thanks to the impossibility 
for Cooper pairs to change their quantum state n indi- 
vidually [3]. This exception gives us an opportunity for 
more detailed research of phenomena connected with the 
Bohr's quantization: a ring, in contrast to atom, can be 
made in different forms. 



1. PERIODICAL DEPENDENCIES IN 
MAGNETIC FIELD 

We can observe the change of the quantum number n 
in magnetic field B thanks to a " huge" radius r > 500 nm 
of superconducting ring in comparison with atom orbit 
radius rs ~ 0.05 nm. This change is observed because 
of the Aharonov-Bohm effect []],1H|, i- e - the influence 
of the magnetic vector potential A of the canonical mo- 
mentum p = mv + qA of a particle with charge q. The 
momentum of a free particle is described with the gra- 
dient p = h V ip of the phase tp of the wave function 
\& = expiip, according to the quantum formalism. 
Because of the requirement that the complex wave func- 
tion, describing a particle state, must be single-valued 
\f r = I'I'I exp«/3 = |W| expi((f + n2ir) at any point, the 
phase ip must change by integral n multiples of 2n follow- 
ing a complete turn along the path of integration, yield- 
ing §, dlsjf — §i dlp/h = §, dl(mv+qA)/h = m ^ dlv/h+ 
27r<j)/<j)Q = u2tt. The integer number n of the permit- 



ted state with minimum energy oc v 
should change with magnetic flux $ = 



oc (n - $/$o) 
BS « Birr 2 at 



$ = (n + 0.5)$o. The flux quantum <J> = 2-irh/q equals 
w 4140 T nm 2 for electron q = e and « 2070 T nm 2 
for Cooper pair q = 2e. Consequently the n change can 



be observed in magnetic field B > & /irr 2 « 0.0026 T 
in a superconducting ring with r ps 500 nm and in the 
inaccessibly high magnetic fields $o j^r 2 B w 530000 T for 
atom orbit with tb ~ 0.05 nm. 

The magnetic periodicity in different parameters, such 
as: resistance J#0| > magnetic susceptibility 0, criti- 
cal current [t| [l(| and dc voltage d, 0, [1] demonstrate 
unambiguously the n change with the magnetic flux 
<f> = BS inside ring: the resistance oscillations have 
minimum value at $ = n$o and maximum value at 
<3> = (n + 0.5)$0) in accordance with the theoretical 
relation AR oc v 2 cx (n — $/$ ) 2 ; magnetic suscepti- 
bility and dc voltage change the sign at $ = rt<5> and 
$ = (n + 0.5)<!>o, in accordance with the theoretical re- 
lation MocVpOtvocn — <&/<I>o; the critical current of 
symmetric ring have minimum value at $ = (n + 0.5)<I>o 
and maximum value at $ = (n + 0.5) < I > o? m accordance 
with the relation I c — I c q — 2I p , where I p — s2en s v — 
I P: A^{n — $/$o) is the persistent current circulating in 
the ring clockwise or anticlockwise Q. No jump, which 
could be connected with the jump of the permitted veloc- 
ity v oc n — $/$o and the persistent current, because of 
the n change at $ = (rt + 0.5)<i>o is observed at these mea- 
surements in accordance with the theory: the squared ve- 
locity v 2 oc (n— $/$o) 2 and the absolute value of the per- 

$/$ol should not change 
f 1 at $ = (n + 0.5)$ ; the 
$/$o = (-0.5 + 0.5)/2 = 



sistent current \I, 



pi 



with n change from n to n 
average velocity at v oc n — 
at $ = (n + 0.5)i> . 



2. THE JUMP ABSENCE AT MEASUREMENTS 
OF THE CRITICAL CURRENT WITH 
DIFFERENT SECTION OF RING HALVES 

The jump could be expected at measurement of the os- 
cillations of the critical current of a superconducting ring 
with different section of ring halves s w > s n . The critical 
current measured in the one J c + or other 7 C _ direction 
should be equal [H 



Ic+, Ic- 



I PtA 2\n-§-\(l+ S -^) (la) 



2 




FIG. 1: The aluminum ring r « with asymmetric link-up 
of current leads, l a h ~ 0.7nr, hong ~ l-3nr. 

when the external current I ex t measuring 7 C+ , 7 C _ is 
added with the persistent current I p in the narrow ring 
half s„and 

7 c+) I c _=/ c0 -I^2|n-i-|(l + ^) (16) 

^0 s w 

when the currents are added in the wide ring half s w . 
The jump A7 C = I Pi a(s w / s n — s n /s w ) should be ob- 
served because of the change of the persistent current 
direction with the n change at $ = (n + 0.5) <&o- But the 
measurements [9T4llj have revealed the absence of the ex- 
pected jump in spite of the enough large amplitude I Pt A 
of the persistent current and the relation s w /s n rs 2. Ac- 
cording to the universally recognised quantum formalism 
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FIG. 2: The magnetic dependencies of the critical current 
7 c +(<I > /4>o) of aluminum ring with asymmetric link-up of 
current leads measured at the temperature T ~ 0.900T C ; 
T ?s 0.933T C ; T c « 1.52 K. 



the anisotropy 7 c , on ($/$ ) = 7 c+ (<J>/$ ) - ic-($/$o) of 
the critical current measured in the opposite directions 
should appear in the asymmetric ring s w /s n > 1 because 
of the change of the functions / c+ ($/$ ), 7 C _ (<!>/<I>o) de- 
scribing its magnetic dependencies, see Fig. 19 [9j and 
Fig. 3 [Tl|. But it was found [l(| that the anisotropy 
/c, an ($/*o) = 7 c ($/$ + A0) - 7 c ($/$ - A<£) appears 
because of the changes in the arguments 7 c +($/$o) ~ 
7 c ($/$ + A</>), / c -(*/*o) » / c (4/*o-A0) of the func- 
tions rather than the functions themselves. The shift 
of the periodic dependencies of the critical current on 
the quarter of the flux quantum Acj) s» 1/4 [l(| is very 
paradoxical phenomenon which can not be explained now 
as well as the absence of the 7 C+ , 7 C _ jump with the n 
change. 



3. MEASUREMENTS OF THE CRITICAL 
CURRENT OF SUPERCONDUCTING RINGS 
WITH ASYMMETRIC LINK-UP OF CURRENT 
LEADS 

In order to clear up the essence of the second puzzle 
we have measured the magnetic dependencies of the crit- 
ical current of aluminum ring with asymmetric link-up 
of current leads, Fig.l. The critical current should de- 
termined with the transition into the resistive state only 
of the shot segment l s h ~ 0.35 x 27rr at the relation of 
the persistent current amplitude and the critical current 
Ip.a/IcO < 0.25 measured on the ring, Fig. 2, with the seg- 
ment relation h on g/lsh ~ 0.65/0.35 « 1.8. The critical 
current dependencies should describe with the relations 



I c+ = I c0 - I p ,A{n - — ) (2a) 

5>0 



Ic- = ho + I P .A(n - (26) 

implying the jump A7 C = I p _a at $ = (n + 0.5)<I>o, Fig. 2. 
The measured dependencies 7 c+ ($/$o), 7 c _($/<I>o) cor- 
respond to the expected one (2) in the region near 
$ = n$o, Fig. 2. Nevertheless the jump, which must 
be because of the quantum number n change according 
to (2), is not observed, Fig. 2. The measured values of 
the critical current 7 c+ ($/$o)i 7 c _($/$o) vary smoothly 
with magnetic flux value near $ = (n + 0.5)<I>o, Fig-2, 
in defiance of the quantum formalism predicting the I c 
jump (2). The aspiration of Nature to avoid the jump 
surprises. It is puzzle that the experimental and theoret- 
ical dependencies agree near $ ss n$o an d disagree near 
$ « (n + 0.5)$ - 
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